Introduction
The availability of surface and ground water sources for agricultural, industrial, and personal use is becoming increasingly constrained. In response, reverse osmosis (RO) water desalination has been touted as a potential technology for increasing the available water resources in many parts of the world [1] . The RO has been chosen because it is the cheapest operational desalination technology and it is commercially available in a range of sizes. Utilization of renewable energy sources for water production in Florida, USA, has the potential of lowering costs while providing long term sustainability [2, 3] . However, the design and performance prediction of desalination plants running on solar energy is generally more complicated than desalination plants running on fossil fuels. Solar energy is, by nature, fluctuating, whereas existing RO systems are designed for continuous operation. This demonstrates the difficulty in integrating these two systems. Consequently, the operating condition of solar desalination plants depends upon the prevailing meteorological conditions, such as solar radiation and ambient temperature. A pilot unit was built and tested and has demonstrated the technology's capability to produce good-quality water, but process optimization and energy -------------- consumption minimization were yet to be fully addressed and are the focus of this work. Three tasks that are addressed in this study are: -optimizing the RO process design for energy efficiency [4] , -improving the integration between photovoltaic (PV) and RO, and -lowering cost of PV.
Traditionally, implementation of PV-powered desalination units is coupled with a battery and an inverter. This approach results in high cost of water production, reduced energy efficiency, and increased system complexity. Recent research has focused on increasing system efficiency with some success [5, 6] . However, for PVRO to be practical, it must be economically competitive with alternative, conventional methods [3] .
It can be seen that the main issues are related to the development of a reliable theatrical model of energy consumption and further lowering the cost of water treatment by RO. This paper focuses on optimizing energy requirements of desalination with the integration with solar energy. This study confirms that using PV cells to power RO desalination systems is a promising solution for many in remote coastal areas facing a shortage of fresh water.
Solar desalination technologies
There are various technological combinations for integrating solar energy with water purification processes. The possible combinations have been classified depending on the solar energy used with desalination technologies. Figure 1 describes a couple of the technological combinations.
Solar PV technology is more efficient as it directly converts solar energy into electriCity which is high grade energy, comparing to solar thermal technology. The latter converts it into thermal or heat energy, which is low grade energy and has to be directly used or again converted into electrical energy, incurring additional losses [4] .
The components of PVRO system consist of a RO desalination unit, PV generator, inverter, charge regulator, and battery storage. The layout of the system is shown in fig. 2 . 
Reverse osmosis
Water desalination has become a major component of the freshwater portfolio in numerous communities, with water desalting by RO technology being the dominant desalination technology. The RO is a process where external pressure is exerted on the saline water side of RO membrane, forcing low total dissolved solids (TDS) water through and retaining salts.
Water production cost in a typical RO desalination plant generally consists of the cost of energy consumption, equipment, membranes, brine management, labor, maintenance, and financial charges. Typical RO desalination costs are shown in fig. 3 . Energy consumption is a major portion of the total cost of water desalination and can reach as high as ~58% of the total permeate production cost [3] .
Energy cost optimization of RO system
In order to illustrate the approach to energy cost optimization it is instructive to consider RO membrane process as shown schematically in fig. 4 . The energy cost associated with RO desalination is presented in the present analysis as the specific energy consumption (SEC), which defined as the electrical energy needed to produce a cubic meter of permeate i. e. Rate of work done by pump and transmembrane pressure, with assumption that pump efficiency is 1 can be expressed:
The permeate product water recovery for the RO process, Y, is an important measure of the process productivity, defined:
Combining eqs. (1), (2) , and (3) SEC can be written:
The permeate flow rate can be approximated by the classical RO flux, eq. [9] :
For high rejection RO membranes, it could be assumed that σ = 1. In many cases, the osmotic pressure can be assumed to vary linearly with concentration [9] : The average osmotic pressure difference (up to the desired level of product water recovery), along the membrane channel can be approximated as either an log-mean or arithmetic average along the membrane [10] :
The osmotic pressures at the entrance and the exit of the membrane module, relative to the permeate stream, are approximated by [10] :
For sufficiently high rejection level, the osmotic pressure of the permeate stream can be taken to be negligible relative to the feed or concentrate streams and can be approximated by [10] :
Combining eqs. (8) and (9) osmotic pressure difference between retentate and permeate stream at the exit of the module can be expressed:
Equation (10) is a simple relationship that illustrates that the well-known inherent difficulty in reaching high recovery in RO desalting is due to the rapid rise in osmotic pressure with increased recovery. In the process of RO desalting, an external pressure is applied to overcome the osmotic pressure, and pure water is recovered from the feed solution through the use of a semipermeable membrane. Assuming that the permeate pressure is the same as the raw water pressure, P o , the applied pressure (ΔP) needed to obtain a water recovery of Y should be no less than the osmotic pressure difference at the exit region which is given by eq. (10) [11] . Therefore, in order to ensure permeate productivity along the entire RO module (or stage), the following lower bound is imposed on the applied pressure:
Equation (11) called thermodynamic restriction of cross-flow RO and herein referred to as the "thermodynamic restriction" [12] . It is particularly important from a practical point of view when a highly-permeable membrane is used for water desalination at low pressures. It is emphasized that the constraint of eq. (10) arises when one wants to ensure that the entire membrane area is utilized for permeate production. The basic equations for the RO process presented in this section form the basis for deriving the basic relationship between the minimum SEC for a RO process with respect to the level of product water recovery.
The SEC in pressure units for the RO desalting process is derived by combining eqs. (1)- (3) and (11):
It is convenient to normalize the SEC, at the limit of thermodynamic restriction (i. e., operation up to the point in which the applied pressure equals the osmotic pressure difference between the concentrate and permeate at the exit of the membrane module), with respect to the feed osmotic pressure such that:
The graphic of SEC tr,norm function is shown in fig. 5 .
Analytical global minimum of with respect to the water recovery:
Equation (14) shown that the minimum of SEC tr,norm , occurs at a fractional recovery of Y = 0.5 where (SEC tr,norm ) min = 4 (obtain energy is four times bigger than the minimum energy required to overcome feed osmotic pressure). This condition represents the global minimum SEC (represented by the equality in eq. 13). In order to achieve this global minimum energy consumption, the RO process should be operated at a water recovery of 50% with an applied pressure equivalent to 2π o (i. e., double that the feed osmotic pressure).
For RO plant with feed water salinity of 10000 mg/l, π o = 8·10 5 The average permeate flux for RO desalination at optimal conditions Y opt = 0.5 and (ΔP) opt = 2Rπ o are:
Integration of solar PV system with RO desalination system
The feasible solar energy-desalination technology combinations have been described previously. The combination of RO membranes and arrays of PV modules is the design option that has been implemented most frequently in solar-driven RO desalination systems. Typical configuration of PVRO system is shown on fig. 6 , today from a technical point of view, PV as well as RO are mature and commercially widely available technologies. The RO is modular and compact and has proven to be the lowest energy consuming technique, using typically less than half energy needed for thermal processes. This, supplemented by the modular nature of PV, their low environmental impact as well as the ease of operation and maintenance are incentives for this combination of technologies to be used, especially for application in remote areas. The continuously decreasing capital cost of PV and RO units is also helping the feasibility of such systems.
Generaly components of PV energy system are [4] PV modules, inverter, tracking system, maximum power point tracker circuits, and linear current boosters
The PV modules
In PVRO desalination, the direct current electrical energy generated in the solar cells by silicon or other semi-conductor is useddirectly or after regulation to power the pumps that generate the pressure required for the feed water to permeate across the RO membranes. Present industrial production focuses primarily on the production of (mono-and poly-) crystalline silicon and thin film amorphous silicon cells. Over the course of several technological developments, the conversion efficiencies of PV modules have reached 13-16% for poly-and mono-crystalline silicon cells and 6-10% for thin film solar cells.
During design of PV power system based on solar energy, the availability of solar radiation for that area must be analyzed. The following parameters of solar radiation for the site should be analyzed global radiation, clearness index and solar radiation on a tilted surface.
Monthly average clearness index:
Since most solar energy systems are installed in a non-horizontal position, irradiance data for tilted surfaces is in great demand for solar energy research and applications. Available solar radiation data typically consists of global horizontal data only. To yield estimates of the irradiance on tilted surfaces, these data often have to be modeled from available recordings of horizontal irradiation data. It is the current practice for evaluating the irradiation on a tilted surface to decompose the solar radiation into components -direct beam; sky diffuse and ground reflected radiation:
Direct radiation is the radiation, which comes directly from the Sun. The direct radiation can be resolved: cos cos cos , cos , , cos cos
Ground reflected radiation is assumed to be isotropically distributed:
There are many models to obtain diffuse radiation for a tilted surface. In this study the Liu and Jordan [13] model is used because it is very simple and reasonably accurate: 
The light-generated current is:
Experimental results in correlation with theoretical models
In order to compare experimental results with the theoretical model, a pilot RO system was built and tested in this research project ( fig. 7 ). This pilot consists of three separate trains; each train consisting of two parallel pressure vessels capable of housing up to eight membrane elements. The sea water reverse osmosis (SWRO) pilot system was designed to run up to three trains independently with different feed water sources. Each train was equipped to measure various water quality parameters as well as process variables.
Operating conditions of SWRO pilot unit are shown in tab. 1. The operational set points for the typical pressure vessel length of the high flux membranes were determined using the projection software (Q + Projection v1.2 and v1.3). The projections encompassed a wide range of flows and recoveries. However, recoveries above 50% were eliminated to avoid violating flux recommendation set by the manufacturer and to reduce potential fouling. It was determined that good energy results were obtained at 53-61 l per minute feed flow rate and close to 50% recovery. To provide higher membrane surface sheer and more stable operation, the operational set point chosen were at a feed flow of 53-57 l per minute and ~46-50% recovery, fig. 8 .
Table 1. Operating conditions of SWRO pilot unit

Experimental testing of low salinity seawater (25000 mg/l) TDS
The feed pressure and energy consumption increased slightly throughout operation, fig. 9 . The discontinuity observed at 90 days of operation (arrow) is due to restarting the system after a long period of non-operation and storage. The system was then restarted at a lower flux, and then stabilized for production of concentrate for additional testing. Additionally, it is noted that the energy consumption of the system exhibits a general decreasing trend. As indicated in the data, fig. 10 , stable flux operation was maintained for testing. It is observed that the permeate recovery is slightly decreased throughout operation. Additionally, the pressure drop across the system increases. These are indicators of fouling of the membrane system. The dissolved solids concentration of the permeate stream and rejection for the train was monitored throughout operation. The data indicates a general decreasing trend of rejection by train 1 and a subsequent increase in dissolved solids concentration of the permeate, fig. 11 . This degradation in performance could be indicative of quality issues dealing with the membrane material. Alternatively, it could be due to concentration polarization caused by a layer of biofilm, increasing the salt concentration at the membrane-feed interface and reducing surface turbulence.
Upon investigation of the increase in rejection, and thus the decrease in permeate TDS concentration during operation, it was determined that the temperature of the feed water decreased significantly, fig. 12 . The decrease in feed temperature decreases the salt passage of RO membrane materials, and thus increases rejection. Alternatively, the water permeability is also reduced, so the energy requirements for operation are increased as temperature is decreased.
Experimental testing of high salinity seawater (45000 mg/l) -TDS
After completion of first the experimental test, the pilot unit was subsequently reloaded with 14 elements of higher rejection membranes (7 elements per pressure vessel). The feed TDS concentration for testing under high TDS conditions was approximately 45,000 mg/l. The feed pressure and energy consumption gradually increased throughout operation, fig. 13 . The gradual increase in feed pressure and energy consumption is caused by the onset of fouling on the membrane surface. To achieve the maximum radiation energy, the PV panels need to be tilted by 15°.
Energy consumption of RO pilot unit
The energy consumption calculations to produce 10 m 3 desalinated water using RO are based on the following assumptions: -the RO energy consumption is 3.1 kWh/m 3 for seawater with 25000 mg/l of TDS, -six hours running with constant load, and -daily energy required to produce 10 m 3 is W w = 31 kWh. Nominal power output of each module at MPPT and irradiance of 1000 is 200 W. Nominal power output of a series string at 1000 is:
The lowest monthly total radiation at location Tampa City is 4.6 kWh/m per day during January. Daily output for each string of 9 PV modules is: 
Conclusions
The purpose of this study was to examine the energetic and economic feasibility of a seawater PVRO system. Theoretical research shows that energy consumption of SWRO systems mostly depends on process operation parameters, water salinity (TDS), permeate recovery ratio, membrane performance, and feed water temperature.
Experimental research indicates that feed pressure and energy consumption increased during operation. Simultaneously, it was observed that permeate recovery slightly decreased, while pressure drop across the system increased. Additionally, a general decreasing trend of dissolved solids concentration in the reject stream and a subsequent increase in dissolved solids concentration of the permeate stream is observed.
Trend variation of dissolved solids concentration in reject and permeate streams was caused by feed water temperature variation during operation. The decrease in feed temperature decreases the salt passage of RO membrane materials, and thus increases rejection. The water permeability was also reduced, so the energy requirements for operation are increased as temperature is decreased.
This feasibility study of the integration of PV energy systems with RO was performed and indicated that geographical location has a significant influence in the overall energy consumption of PVRO systems. As per the simulation results, it is clear that the optimal configuration is that which has solar PV with converter and inverter. The cost of permeate water using PVRO in location Tampa City was found to be approximately $1.9/m 3 of permeate water with 20 years exploitation life.
Experience indicates that a one-time adjustment of water recovery, using the DC power supply in the laboratory or during a time of perceived maximum solar intensity, is not reliable because temperature, changes in salinity, or a later increase in solar intensity can all have an effect on water recovery rates. Similarly, running the system at fixed pressure will not guarantee the system will not run at higher recovery rate than what is considered safe. Experience also shows that arbitrarily running the system at low water recovery can be costly, because energy consumed per volume of permeate produced can be high in this situation. Additional energy savings could be achieved by integrating membrane cleaning system with PV and using low energy RO membranes. 
